Oxidative stress, resulting from accumulation of reactive oxygen species, plays a critical role in astroglial cell death occurring in diverse neuropathological conditions. Numerous studies indicate that neuroglobin (Ngb) promotes neuron survival, but nothing is known regarding the action of Ngb in astroglial cell survival. Thus, the purpose of this study was to investigate the potential glioprotective effect of Ngb on hydrogen peroxide (H 2 O 2 )-induced oxidative stress and apoptosis in cultured mouse astrocytes. 
Oxidative stress, resulting from accumulation of reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), is involved in the etiology of several neurological disorders including cerebral ischemia, brain tumors and neurodegenerative diseases (Martin and Teismann 2009; Maity-Kumar et al. 2015) . An excess of H 2 O 2 induces an imbalance in ROS generation, alters cellular antioxidant defenses, induces oxidative damage to membrane lipids, cellular proteins and DNA, and eventually triggers neuronal cell death by apoptosis (Liu et al. 2014; Hamdi et al. 2015) . It is wellknown that astroglial cells contain high levels of ROS scavenger molecules that play a prominent role in the protection of neurons against oxidative stress injuries (Hansson and Ronnback 2003; Davila et al. 2016) . In addition, astrocytes contribute to the defense of neighboring neurons by providing trophic support and substrates for antioxidant molecules such as glutathione Fulmer et al. 2014) . Nevertheless, astroglial cells can be affected, in terms of functionality and viability, by an insurmountable oxidative assault (Ouyang et al. 2007; Peng et al. 2013; Lee et al. 2014) . Recent data have shown that astrocytes undergo degeneration and become atrophic in various brain injuries (Parpura et al. 2012; Pekny et al. 2016) , a fact which is relevant for neuropathogenesis and disease progression by loss of astroglial neuroprotective and homeostatic functions. Astrogliopathology is considered to be a primary pathology in some neurological diseases, that is, Alexander disease (Kondo et al. 2016) , Wernicke encephalopathy (Hazell et al. 2010) and Niemann-Pick disease type C (Rosenbaum and Maxfield 2011) . Since astroglial cells are extremely vulnerable to H 2 O 2 , protection of astrocytes from oxidative damage appears to be essential to prevent neuronal injuries as well as to maintain brain function. However, little is known regarding the endogenous factors that regulate glial cell survival.
Neuroglobin (Ngb), a member of the globin protein superfamily, was first described in 2000 as a brain protein with a high affinity for oxygen (Burmester et al. 2000; Burmester and Hankeln 2014) . In addition, Ngb can function as a scavenger of ROS and a regulator of nitric oxide homeostasis (Brunori and Vallone 2006; Hua et al. 2010; Burmester and Hankeln 2014) . By modulating intracellular free radical levels, Ngb has an endogenous cytoprotective effect against oxidative stress insults . Indeed, a large array of studies have confirmed that Ngb exerts a potent neuroprotective activity in various in vitro and in vivo neuropathophysiological models including Alzheimer's disease, ischemia brain injury and stroke (Sun et al. 2003; Greenberg et al. 2008) . However, the function of Ngb in astrocyte protection remains poorly defined. It was initially reported that Ngb, which is widely distributed in the mammalian central and peripheral nervous system (Hundahl et al. 2005) , is not expressed in glial cells (Hankeln et al. 2004; Schelshorn et al. 2009 ), but predominantly in neuron cells such as cerebral cortical neurons, hippocampal and striatal neurons, hypothalamic suprachiasmatic and paraventricular nucleus, and cerebellar Purkinje cells (Reuss et al. 2002; Hundahl et al. 2010) . However, increasing evidence shows that Ngb is expressed in both resting and reactive astrocytes (Chen et al. 2005; DellaValle et al. 2010; De Marinis et al. 2013a) . In fact, Ngb-like immunoreactivity and Ngb mRNA have been visualized in astroglial cells in various regions of nervous system, for instance in cortical astrocytes (De Marinis et al. 2013a) , M€ uller cells in the retina and in the astrocyte processes of optic nerve (Lechauve et al. 2013) . In vivo studies have demonstrated that Ngb expression is increased in reactive astrocytes in a wide range of neuropathological murine models (DellaValle et al. 2010; Lechauve et al. 2013) , suggesting that over-production of Ngb may contribute to astrocyte reactivity associated with brain pathologies. Interestingly, it has been shown that inhibition of Ngb expression with an antisense oligonucleotide in cultured astrocytes is associated with an increase in cell apoptosis under ischemia conditions (Chen et al. 2005) . Moreover, recent data indicate that Ngb silencing in astroglial cells (De Marinis et al. 2013a) and SK-N-BE neuroblastoma cell line (De Marinis et al. 2013b ) prevents the anti-inflammatory and the anti-apoptotic effects of 17beta-estradiol. Conversely, it has been indicated that 17beta-oestradiol-induced up-regulation of Ngb protects cultured astrocytes from oxidative stress assault (De Marinis et al. 2013b) . In situ, Ngb over-expression in astrocytes and neurons of Ngb transgenic mice likely contribute to the increased resistance to ischemia-induced brain damage (Khan et al. 2006; Wang et al. 2008) . Altogether, these observations suggest that Ngb may act as a trophic factor regulating the survival of astroglial cells upon insult.
It has been reported that endogenous neuropeptides, such as activity-dependent neurotrophic factor (Busciglio et al. 2007) , pituitary adenylate cyclase-activating peptide (Seaborn et al. 2011) and octadecaneuropeptide (Hamdi et al. 2012; Kaddour et al. 2013) , rescue both neurons and glial cells from apoptosis induced by oxidative insult. Although there is clear evidence that Ngb expression is up-regulated in astroglial cells after cerebral injuries (DellaValle et al. 2010; Chen et al. 2015) , a possible effect of Ngb on astrocyte survival has never been investigated. This observation, together with the neuroprotective effects of Ngb (Sun et al. 2003; Khan et al. 2008) , prompted us to hypothesize that Ngb could rescue astroglial cells from oxidative stressinduced apoptosis.
To test this hypothesis, this study aims to investigate the possible glioprotective activity of Ngb against H 2 O 2 -induced oxidative assault and cell death in cultured astrocytes, and to characterize the molecular mechanisms mediating the antiapoptotic effect of Ngb.
Materials and methods

Ethics statement
The experiments of the current project were performed in accordance with the American Veterinary Medical Association recommendations. Approval for these experiments was obtained from the Medical Ethical Committee For the Care and Use of Laboratory Animals of Pasteur Institute of Tunis (approval number: FST/LNFP/Pro 152012), and from the Aix-Marseille University Institutional Animal Care and Use Committee according to French national and European legislation on animal experimentation.
Animals and housing conditions
C57Bl/6 mice of both sexes were obtained from Pasteur Institute, Tunis, Tunisia, or Charles River Laboratory, France and kept in a temperature-controlled room (22 AE 1°C) with relative humidity maintained between 30% and 70% and under an established photoperiod 12 : 12 light : dark (lights on from 7 : 00 am to 7 : 00 pm). Mice were housed in standard, non-ventilated, clear plastic cages (14.37 9 8.15 9 5.51 in floor area: 530 cm 2 ). Mice were fed a standard irradiated diet (7292 Harlan Teklad, Harlan, Madison, WI, USA) and had ad libitum access to water via water bottle.
Reagents
Dulbecco's modified Eagle's medium (DMEM), Ham F12 culture medium, D(+)-glucose, L-glutamine, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), fetal bovine serum, the antibiotic-antimycotic solution, trypsin-EDTA and the probes calcein-AM, CellROX and SYTOX Red were obtained from Life Technologies (Grand Island, NY, USA). Bovine liver catalase, DL-epinephrine, H89, U0126, U73122, fluorescein diacetateacetoxymethyl (FDA-AM), Dimethyl sulfoxide and Triton X-100 were purchased from Sigma Aldrich (Sigma Aldrich, Saint-QuentinFallavier, France). Insulin was purchased from Novorapid Flexpen (NovoRapidâ, Novo Nordisk®, Chartres, France). The fluorometric assay reagent for caspase 3/7 was supplied by Promega, Madison, WI, USA. The lactate dehydrogenase (LDH; EC 1.1.1.27) assay kit was obtained from Bio-Maghreb (Ariana, Tunisia). 5-6-chloromethyl 2 0 -7 0 dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA), dihydrorhodamine 123 (DHR123) and dihydroethidium (DHE) were from Molecular Probes (Eugene, OR, USA). Recombinant Neuroglobin was obtained from Abcam (ab63278; Cambridge, UK)
Cell culture Secondary cultures of mouse cortical astrocytes were prepared from 1-or 2-day-old C57Bl/6 mice of both sexes as previously described (Ghazanfari and Stewart 2001) . Briefly, cerebral hemispheres were dissected and the meninges were removed and collected in DMEM/ Ham F12 (2 : 1; v/v) culture medium supplemented with 2 mM glutamine, 1& insulin, 5 mM HEPES, 0.4% glucose and 1% of the antibiotic-antimycotic solution. The tissues were dissociated mechanically with a syringe equipped with a 25G gauge needle, and filtered through a 100-lm sieve (Falcon, Franklin Lakes, NJ, USA). Dissociated cells were resuspended in culture medium supplemented with 10% fetal bovine serum, plated in 75-cm 2 flasks (Greiner Bio-one GmbH, Frickenhausen, Germany) and incubated at 37°C in 5% CO 2 / 95% air. After 7-8 days, the cultures became confluent and loosely attached microglia and oligodendrocyte cells were removed by shaking the flasks on an orbital agitator (250 rpm, 18 h). Adhesive cells (mostly astrocytes) were detached by trypsinization, harvested and plated on hydrophilic surface 35 mm Petri dishes, 24-well plates or 96-well plates at a density of 42 000 cells/cm 2 . All experiments were performed on 5-to 7-day-old secondary cultures and cell purity was checked by staining with antibodies against glial fibrillary acidic protein (GFAP) as indicated below.
Cell immunolabeling
Secondary culture cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS), and incubated for 1 h in a blocking solution containing 1 : 50 normal donkey serum, 1% bovine serum albumin, and 10% Triton X-100. Cells were then incubated at 4°C overnight with the primary antibody, a rabbit anti-GFAP (astrocytes labeling; Dako Denmark A/S; at 1 : 500; kindly given by Sylviane Lortet and Lydia Kerkerian, IBDM Marseille), and subsequently incubated with the secondary antibody for 1 h at 21 +/À 1°C (Alexa 594-conjugated donkey antirabbit IgG, Life Technologies; at 1 : 500). Cell nuclei were stained with the nuclear marker 4 0 ,6-diamidino-2-phenylindole (DAPI)
(1 lg/mL, 10 min at 21 +/À 1°C) and finally cells were cover slipped with Mowiol â . Immunofluorescence was observed under an EVOS FL Imaging System Thermo Fisher Scientific (Villebon sur Yvette, France). As has been reported by Douiri et al. 2016 (Douiri et al. 2016 , we observed that more than 98% of the cells were labeled with GFAP antibodies in our culture conditions ( Figure S1 ).
Cell treatment
Cultured astrocytes were treated or not with H 2 O 2 in serum-free culture medium for 1 h, then the medium was removed and cells were incubated with fresh serum-free culture medium for 3 h before starting incubation with Ngb in complete medium for 24 h. When pharmacological inhibitors of signaling pathway were used, they were added 30 min before Ngb exposure.
Measurement of cell survival
Cells were washed twice with PBS (pH 7.4) and incubated for 8 min with 15 lg/mL FDA-AM in the dark, rinsed twice with PBS and lysed with a Tris/HCl solution containing 1% sodium dodecyl sulfate. Fluorescence was measured with excitation at 485 nm and emission at 538 nm using a fluorescence microplate reader (Tristar, Berthold Technologies, Versailles, France).
Assessment of cell survival was done using the LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Life Technologies) according to the manufacturer protocol, as previously reported (Douiri et al. 2016) . Briefly, astrocyte cells were incubated for 30 min at 37°C with a solution of 0.3 lg/mL calcein-AM (producing green fluorescence in living cells), washed twice with PBS and examined on an inverted microscope EVOS FL equipped with an Imaging System.
Cell cytotoxicity measurement
The cytotoxicity of H 2 O 2 on astrocytes was determined by measuring the activity of LDH released into the culture medium. LDH activity was measured using an LDH assay kit (Bio-Maghreb) according to the manufacturer's instructions, with a spectrophotometric microplate reader at 340 nm (Bio-Tek Instruments, Winooski, VT, USA). Microplate data were analyzed by Gen5 Data Analysis Software.
The cytotoxicity of H 2 O 2 on cultured astrocytes was also determined by measuring SYTOX TM Green fluorescence by flow cytometry. Cells were rinsed with PBS, trypsinized, centrifuged (200 g, 5 min), suspended in Hank's buffered salt solution (Life Technologies), incubated for 10 min with SYTOX TM Green, and then analyzed on a MACSQuant VYB flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany). Data analysis was performed using FlowJO software (Treestar, Ashland, Oregon).
Measurement of oxidative stress markers
Measurement of intracellular ROS formation ROS were detected by measuring the fluorescence of 2 0 ,7 0 -dichlorofluorescein (DCF) which is derived from the deacetylation and oxidation of the non-fluorescent compound DCFH 2 -DA. Cells seeded into 96-well plates were incubated with 10 lM DCFH 2 -DA for 30 min at 37°C in the dark, washed twice with PBS. Fluorescence was measured with excitation at 485 nm and emission at 538 nm using fluorescence microplate reader (Tristar). The cell-permeable CellROX reagent which exhibits a strong fluorogenic signal upon oxidation was used to measure ROS formation by flow cytometry. Astrocytes were incubated for 30 min at 37°C with 5 lM CellRox TM Green diluted in DMEM, rinsed twice with PBS, trypsinized, centrifuged (200 g, 5 min), suspended in HBSS (Life Technologies), then analyzed on a MACSQuant VYB flow cytometer (Miltenyi Biotec), and the data were analyzed using the FlowJO software (Treestar).
Measurement of intracellular superoxide anion production O 2°À levels were detected by measuring the fluorescence of ethidium that derived from the oxidation of the non-fluorescent compound DHE. Cells seeded into 96-well plates were exposed to H 2 O 2 with or without Ngb, washed twice with PBS and then incubated for 20 min in the dark with 2 lM DHE in 96-well plates. Fluorescence was measured with excitation at 485 nm and emission at 528 nm using a fluorescence microplate reader FL800TBI (BioTek Instruments). Microplate data were analyzed by Gen5 Data Analysis Software.
Analysis of oxidative burst capacity
To determine the oxidative burst capacity in cultured astrocyte, DHR-123 conversion into fluorescent compound rhodamine-123 (R-123) upon reaction with hydroxyl radical was detected at 528 nm using a fluorescence microplate reader FL800TBI (Bio-Tek Instruments). Cells seeded into 96-well plates were exposed to 100 lM H 2 O 2 during 1 h followed by 3 h treatment with medium alone and then incubated for 24 h with Ngb or fresh complete medium, washed twice with PBS and then incubated for 20 min in the dark with 2 lM DHR123 in 96-well plates. Microplate data were analyzed by Gen5 Data Analysis Software.
Measurement of antioxidant enzyme activities
Astrocyte cells were incubated at 37°C for 24 h with fresh complete medium in the absence or presence of test substances. At the end of the incubation, cells were washed twice with PBS. Total cellular extracts were obtained using ice-cold lysing buffer containing 50 mM Tris-HCl (pH 8), 10 mM EDTA, 100 lM phenylmethylsulfonylfluoride, and 1% Triton X-100 and centrifuged at 16 000 g for 20 min at 4°C. The supernatant was stored at À20°C until enzyme activity determination.
The activity of superoxide dismutase (SOD) was monitored using a spectrophotometric method assessing epinephrine autoxidation induced by superoxide anions. Ten lL of cellular extracts were incubated for 4 min with a mixture containing bovine catalase (0.4 U/lL), DL-epinephrine (5 mg/mL), and Na 2 CO 3 /NaHCO3 buffer (62.5 mM, pH 10.2). The oxidation of epinephrine was measured at 480 nm using a BioRad spectrophotometer (Bio-Rad Laboratories, Philadelphia, PA, USA).
Catalase activity was measured on the basis of the disappearance of H 2 O 2 . Samples, 40 lL from cellular extracts, were mixed with 30 mM H 2 O 2 in PBS. The decrease in H 2 O 2 was measured at 240 nm for 180 s at 30 s intervals. Catalase activity was expressed using the extinction coefficient of 40/mM/cm for H 2 O 2 .
Quantitative RT-PCR analysis The effect of Ngb on antioxidant enzymes and pro-inflammatory molecules mRNA levels was assessed by quantitative RT-PCR (RT-qPCR). Total RNA was isolated from astrocytes using a kit and according to the manufacturer's instructions (Zymo Research, Murphy Ave. Irvine, USA). Reverse transcription of total RNA (1 lg) was done using GoScript Reverse transcription system with the provided deoxyribonucleotide triphosphates (dNTPs) and random primers (Promega, Charbonni eres, France). cDNA amplicons were amplified with specific primers and GoTaq qPCR Master Mix kit (Promega) using an ABI PRISM 7500 Sequence Detection System (Applied Biosystems). The amount of cDNA in each sample was calculated by the comparative quantification cycle (Cq) method and expressed as 2 exp(ÀDDCq) using 36B4 gene as an internal control. The sequences of the primers used are shown in the Table 1 .
Measurement of cell oxygen consumption rate
Mitochondrial oxygen consumption rate (OCR) in cultured astrocytes was monitored in an XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA). Cells were seeded in a Bcl2 -GenBank accession NM_007546
Forward 5 0 -TCGCAGAGATGTCCAGTCAG-3
Reverse 5 0 -CCCAAAGCCTGGAAGAAGGA-3 0 XF24 V7 multi-well plate (10 000 cells per well) 5 days before analysis. Cells were treated (or not) with H 2 O 2 and/or Ngb the day before analysis. The culture medium was replaced with assay medium DMEM (Sigma, St Louis, MO, USA D-5030), 143 mM NaCl, 2 mM glutamine, 1 mM sodium pyruvate and 10 mM glucose, pH 7.4) and the plate was incubated in a CO 2 -free incubator at 37°C for 1 h before the start of measurement. Basal OCR was measured before sequential injection of the following inhibitors (all purchased from Sigma): oligomycin 1 lM, Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) 2 lM and rotenone + antimycin 0.5 lM, to measure minimal, maximal, and non-mitochondrial respiration, respectively. The data were exported to Excel and normalized to cell density in each well. To determine the cell density, sister plates, subjected to the same experimental conditions than Seahorse plates for OCR measurement were staining with FDA-AM probe as described in the measurement of cell survival paragraph.
Measurement of caspase 3/7 activity The effect of Ngb on H 2 O 2 -induced increase in caspase 3/7 activity was measured by using Caspase-Glo 3/7 assay (Promega, Charbonni eres, France). After treatment, 100 lL of Caspase-Glo 3/7 detection reagent was added to each well. After 30 min of incubation, the luminescence was measured by a microplate reader (Tristar, Berthold Technologies, France). Luminescence resulting from luciferase reaction is proportional to caspase 3/7 activity. To visualize caspase activity by microscopy, cells were treated with a Fluorometric caspase assay system (IncuCyte TM Caspase-3/7 assay, ESSEN Bioscience, Hertfordshire, UK). Cultured astrocytes were incubated with the non-fluorescent substrate N-Acetyl-Val-Glu-IleAsp-7-amido-4-Methylcoumarin (DEVD-AMC) for caspase 3/7, which is cleaved by active caspase 3/7, resulting in the release of a green fluorescent product. Images were acquired with an IncuCyte device (ESSEN Bioscience) and the intensity of fluorescence was proportional to the activated state of caspases 3/7.
Western blot analysis Total cellular proteins from astrocytes were extracted using a 50 mM Hepes, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% triton X-100, 25 mM NaF, 1 mM Na3VO4, protease inhibitors cocktail. After centrifugation (15 000 g, 10 min, 4°C) the proteins contained in the supernatant were stored at À20°C. Proteins (40 lg) were denatured (95°C, 5 min) in Laemmli buffer (20 mM Tris pH 6.8, 2 M b-mercaptoethanol, 9% sodium dodecyl sulfate, 30% glycerol), resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, blocked in 5% non-fat milk in PBS/ 0.05% Tween-20, and then incubated with antibodies against actin (1 : 1000; Sigma), Akt and Akt-p (1 : 1000; Ozyme, SaintQuentin-en-Yvelines, France), extracellular signal-regulated kinases (ERK) and ERK-p (1 : 2000; Sigma). Secondary antibodies were purchased from Santa Cruz Biotechnology: antirabbit IgG horseradish peroxidase conjugate (1 : 2000) and antimouse IgG horseradish peroxidase conjugate (1 : 2000) . Immunoreactive bands (peroxydase activity) were visualized with the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and analyzed using a Fusion FX7 imager (Fisher Bioblocks Scientific, Merelbeke, Belgium). Band intensity was quantified using the Image-J analysis software (National Institutes of Health).
Statistical analysis
The data were presented as mean AE SEM of at least three independent experiments (N ≥ 3). The statistical analysis of the data was performed using Student's t test for single comparisons and by ANOVA followed by Bonferroni's test, and two-way ANOVA test for multiple comparisons with the GraphPad software system for Windows (La Jolla, CA, USA). In all cases a p-value of 0.05 or less was considered as statistically significant.
Results
Protective effect of Ngb against H 2 O 2 -induced astroglial cell death Incubation of cultured astrocytes with graded concentrations of H 2 O 2 (50-300 lM) for 1 h, induced a dose-dependent decrease in the proportion of surviving cells (Fig. 1a) . Timecourse experiments revealed that H 2 O 2 -induced cell injury during the first 60 min persists until 3 h after the withdrawal of H 2 O 2 from culture medium (Fig. 1b) . Using the CMH 2 DCFDA probe, which forms the fluorescent DCF compound upon oxidation by ROS, we found that H 2 O 2 , in the same range of concentrations, induced a dose-and timedependent increase in DCF fluorescence intensity (Fig. 1a and  b) . The concentration of 100 lM H 2 O 2 , which killed 25% of the cells (À25% AE 5.4; **p < 0.01) with a concomitant increase in ROS formation (+128.5% AE 19; **p < 0.01) after 4 h of treatment, was used in all subsequent experiments. Administration of graded concentrations of Ngb (10 À16 -10 À10 M) to the culture medium 4 h after the administration of 100 lM H 2 O 2 (Fig. 2a ) suppressed the detrimental action of H 2 O 2 in astrocytes survival after 24 h of treatment (Fig. 2b) . At subnanomolar concentration (10 À10 M), Ngb significantly prevented H 2 O 2 -induced astroglial cell death (Fig. 2b) . The glioprotective action of Ngb was also visualized by staining cells with calcein-AM (marker of living cells). After 24 h of incubation in control conditions or with 10 À10 M Ngb, all cells were alive and calcein-labeled cells exhibited the typical shape of healthy astrocytes ( Fig. 2ci and ciii) . In contrast, incubation with H 2 O 2 (100 lM) caused cell shrinkage and the appearance of long thin processes with loss of astrocytic network (Fig. 2cii) . Strikingly, the administration of Ngb prevented the morphological alterations evoked by H 2 O 2 treatment and restored the cell density (Fig. 2civ) . Addition of subnanomolar concentrations of Ngb (10
À12
and 10 À10 M) to the culture medium completely abolished the action of 100 lM H 2 O 2 on loss of membrane integrity and LDH leakage (Fig. 3a) . Fig. 4aii and b) . Addition of 10 À10 Ngb to the culture media 4 h after 100 lM H 2 O 2 pre-incubation, did not modify the fluorescence intensity of CellROX (Fig. 4aiii ), but totally abolished the effect of H 2 O 2 on intracellular ROS accumulation ( Fig. 4aiv and b) . Quantitative analysis indicated that 10 À10 M Ngb restored the ROS level to the control value in H 2 O 2 -treated cells (Fig. 4b) . We next examined the effect of Ngb on endogenous antioxidant systems by monitoring the expression and the activity of the two antioxidant enzymes SOD and catalase in cultured astrocytes. RT-qPCR experiments showed that treatment of cultured astrocytes with 100 lM H 2 O 2 induced a decrease in SOD-2 (À47%; *p < 0.05) and catalase (À25%; *p < 0.05) mRNA levels ( Fig. 4c and d) and a concomitant decrease in antioxidant enzymes activities ( Fig. 4c and d , inset: SOD À19.52 AE 2.9%, ***p < 0.001, and catalase À41.99 AE 8.6%, **p < 0.01). The administration of subnanomolar concentration of Ngb for 24 h restored SOD and catalase mRNA levels and activities above control levels ( Fig. 4c and d ).
Effect of Ngb on H 2 O 2 -induced alterations of mitochondrial activity Considering the known effect of ROS on the permeabilization of the mitochondrial outer membrane and alteration of mitochondrial respiration (Hamdi et al. 2015) , we examined the ability of Ngb to prevent the effect of H 2 O 2 on mitochondrial integrity and function by measuring cellular bioenergetics. The Real time measurement of oxygen consumption in cultured astrocytes was performed using a Seahorse XF Analyzer. To generate a cellular bioenergetic profile, the measurement of oxygen consumption was determined by sequential addition of specific blockers of mitochondria activities, that is, oligomycine blocker of ATP production; Carbonyl cyanide-trifluoromethoxyphenylhydrazone, a decoupling proton ionophore; rotenone and antimycin A, blockers of the flow of electrons from complex I and III. As illustrated in Fig. 5 , control and Ngb (10 À10 M)-treated astrocytes have very similar mitochondrial cell respiration (OCR) rates and profiles (Fig. 5a ). Treatment of astrocytes with 100 lM H 2 O 2 for 1 h followed by 24 h treatment with complete medium resulted in a marked increase in the OCR as shown by the higher basal (+0.27; *p < 0.05) and maximal respiratory capacity (+0.75 AE 0.1; *p < 0.05), indicating that mitochondrial integrity was severely Fig. 5b and d) . ATP production (determined by the difference between oligomycin sensitive rate and basal rate) was increased (+0.33 AE 0.13; *p < 0.05) in cells treated with H 2 O 2 compared to control, which was rescued by Ngb treatment (Fig. 5c) . Since large amounts of O 2°À are produced by respiratory burst under a drastic oxidative stress status, we investigated the effect of Ngb on H 2 O 2 -induced O 2°À formation in astroglial cells using the DHE probe. Quantitative analysis indicated that H 2 O 2 induced a significant increase (+39.2% AE 4.74; *p < 0.05) of O 2°À production and that Ngb restored the O 2°À levels to the control values (Fig. 5f ). We also examined the effect of Ngb on the formation of hydroxyl radical (OH°À) and H 2 O 2 using the DHR123 probe. Treatment of astroglial cells with toxic concentration of H 2 O 2 (100 lM), induces a significant increase in DHR123 fluorescence intensity (+47% AE 2.5; *p < 0.05). Addition of 10 À10 M Ngb totally suppressed the effect of H 2 O 2 on peroxides production (Fig. 5g) . 
Effect of Ngb on H 2 O 2 -induced stimulation of proinflammatory genes expression
Since the inflammatory response plays a major role in oxidative processes and alterations of mitochondrial functions, we examined the effect of Ngb on H 2 O 2 -induced expression of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) genes by RT-qPCR. Exposure of cultured astrocytes to H 2 O 2 produced a significant increase in COX-2 (+136.4% AE 21; *p < 0.05) and iNOS (+61% AE 15; *p < 0.05) mRNA levels ( Fig. 6a and b) . (Fig. 6a and b) .
We also investigated the capacity of Ngb to block H 2 O 2 -induced expression of the pro-inflammatory genes IL-33 and IL-6. RT-qPCR experiments showed that 100 lM H 2 O 2 induced increased IL-33 mRNA levels (+24% AE 6; *p < 0.05) (Fig. 6c) associated with a strong stimulation of IL-6 gene expression (+510%; **p < 0.01) (Fig. 6d) . When Ngb 10 À10 M was added to H 2 O 2 -treated cells, IL-6 and IL-33 gene expression was restored to control values ( Fig. 6c and d) , suggesting that the protein could abolish the induction of the pro-inflammatory response.
Effect of Ngb on H 2 O 2 -induced activation of caspase 3/7 and expression of Bcl-2 family genes
To further explore the mechanisms of glioprotection by Ngb, the effect of the protein on caspase 3/7 activity was investigated. As illustrated in Fig. 7a , we detected few cells with intrinsic caspase 3 activity in control-and Ngb-treated cells (Fig. 7ai, aiii and b) . In contrast, treatment with H 2 O 2 (100 lM) increased green fluorescent signal in the cell bodies, reflecting the stimulation of caspase 3/7 activity (Fig. 7aii) . Incubation of cells with 10 À10 M Ngb suppressed the effect of H 2 O 2 on caspase 3/7 activity and only few green cells remained (Fig. 7aiv ). Quantitative analysis indicated that H 2 O 2 induced a significant stimulation of caspase 3/7 activity (121.2% AE 5.7; ***p < 0.001), and that Ngb restored the caspase 3/7 activity above control levels (Fig. 7b) . The effects of Ngb on the expression of the pro-apoptotic gene Bax and the anti-apoptotic gene Bcl-2 were also studied by RT-qPCR. Treatment of cultured astrocytes to 100 lM H 2 O 2 produced a decrease (À43.14% AE 5.34; *p < 0.05) of Bcl-2 mRNA levels and a concomitant increase (+31.3% AE 5.4; *p < 0.05) of Bax mRNA levels ( Fig. 7c  and d) . Treatment of cultured astrocytes with glioprotective concentrations of Ngb (10 À10 M) partially reversed the inhibitory action of H 2 O 2 on Bcl-2 expression (Fig. 7c) . In addition, Ngb prevents the increase in Bax mRNA levels induced by H 2 O 2.
Identification of the signal transduction pathways involved in the glioprotective effect of Ngb Incubation of astrocytes with the selective protein kinase A (PKA) inhibitor H89 (2 9 10 À5 M) or the mitogen-activated protein kinase kinase (MEK) inhibitor U0126 (10 À6 M) totally abrogated the protective action of Ngb against oxidative stress-induced astrocytes death (Fig. 8a) . In contrast, administration of the PLC inhibitor U73122 (10 À5 M) did not modify the protective effect of Ngb in H 2 O 2 -evoked astrocyte death (Fig. 8a) . The signaling pathways involved in the inhibitory actions of Ngb on H 2 O 2 -induced caspase 3/7 activity were also investigated. H89 and U0126 abrogated the inhibitory effect of Ngb on H 2 O 2 -induced caspase 3/7 activity. In contrast, U73122 could not suppress the effect of Ngb (Fig. 8b) . Western blotting analysis revealed that exposure of astrocytes to 100 lM H 2 O 2 for 1 h, followed by fresh medium treatment during 24 h, inhibited both ERK1/2 (-0.6 fold,**p < 0.01; Fig. 8c ) and Akt phosphorylation (À0.4 fold; Fig. 8d ). Addition of 10 À10 M Ngb in the culture medium, which had no effect on ERK1/2 phosphorylation, markedly abolished the inhibitory action of H 2 O 2 (Fig. 8c) . In contrast, Ngb exhibited a strong intrinsic stimulation of Akt (+0.8 fold over control; Fig. 8d ), and this stimulatory action of Ngb was also observed in cells that have been exposed to H 2 O 2 (+1.4 fold over H 2 O 2 ; Fig. 8d ).
Discussion
It is clearly established that oxidative stress causes apoptosis in different cell types, including in astroglial cells (Gyulkhandanyan et al. 2003; Hamdi et al. 2015) . Ngb is not only present in neurons but also in astroglial cells (Chen et al. 2005; DellaValle et al. 2010) , and several data indicate that Ngb plays a key role in the control of the survival and/or proliferation of neuronal cells under pathological conditions (Qiu and Chen 2014; Chen et al. 2015) . Here, we demonstrate for the first time that Ngb protects cultured mouse astrocytes from apoptosis induced by H 2 O 2 , and we show that Ngb exerts its glioprotective effect by restoring the expression and activity of endogenous antioxidant enzymes, reducing ROS production and pro-inflammatory cytokines expression, which preserve mitochondrial functions, respiration rate and thus prevent caspase 3 activation. The anti-apoptotic action of Ngb is mediated by activation of the PKA/mitogen-activated protein kinase (MAP-kinase) and phosphatidylinositol 3 0 -OH kinase (PI3K)/Akt transduction pathways (Fig. 9) .
In agreement with previous reports (Ferrero-Gutierrez et al. 2008; Masmoudi-Kouki et al. 2011) , we observed that exposure of cultured astrocytes to H 2 O 2 induced cell damage and death. H 2 O 2 can easily cross cell membranes and reach different subcellular compartments (Gulden et al. 2010) .
Inside the cell and in the presence of transition metal ions, H 2 O 2 can generate an array of free radical species such as the highly reactive hydroxyl radical OH°À, ultimately leading to the cell death (Li et al. 2008) . Consistently, we found that H 2 O 2 increases the production of ROS in cultured astrocytes in a concentration-and time-dependent manner, which is associated with a decrease in the number of surviving cells.
Incubation of astrocytes with subnanomolar concentrations of Ngb dose-dependently prevented H 2 O 2 -induced cell death, indicating that Ngb can act as a potent glioprotective agent. While the beneficial effect of Ngb against neuronal cell death is well documented Li et al. 2008) , this is the first report showing that Ngb is shown to exert a cytoprotective action on astroglial cells. Indeed, Ngb is able to prevent the effects of H 2 O 2 on membrane integrity and on LDH leakage. The cytotoxic effects of H 2 O 2 were observed to be associated with changes of astrocyte morphology, such as cell shrinkage and appearance of long thin processes. These morphological changes are also prevented by the addition of subnanomolar concentration of Ngb in the medium, suggesting that Ngb plays a role in preventing morphological changes associated with cell death. Interestingly, it has been reported that enhanced Ngb expression promotes neuronal cell survival in Ngb transgenic neuronal cells, preserves cell membrane integrity and structure by preventing deterioration and condensation of the cytoskeleton actin protein following hypoxia-reoxygenation injury (Duong et al. 2009 ). These data suggest that Ngb, which is produced by neurons and glial cells in the brain under pathological conditions (DellaValle et al. 2010; Lechauve et al. 2013; Qiu and Chen 2014) , could act as an autocrine and/or paracrine agent to reduce the sensitivity of astroglial cells to oxidative insults.
Generation of ROS has a fundamental role in the signaling of H 2 O 2 -induced cell toxicity (Fubini and Hubbard 2003) . Astroglial cells express an array of enzymatic antioxidative defense systems, including antioxidant enzymes, that is, SODs, glutathione peroxidases and catalase, to prevent oxidative damage caused by overproduction of ROS. Despite the role of Ngb in ROS scavenging (Li et al. 2008) , several lines of evidence indicate that the protective effect of Ngb against H 2 O 2 -induced oxidative stress and cell death could be mediated through the activation of the endogenous antioxidant enzyme system (Duong et al. 2008; Guo et al. 2015) . We demonstrate that subnanomolar dose of Ngb totally prevents the inhibitory effects of H 2 O 2 on SOD and catalase enzyme activity and gene transcription. It has been reported that enhanced expression of Ngb is correlated with an increase in SODs, catalase and glutathione peroxidase-1 expression and activities, that may contribute to enhance neuronal cells viability following spinal cord or hypoxia insult (Duong et al. 2008; Lan et al. 2014) . The fact that the decrease in cerebral Ngb protein levels is correlated with altered redox status, that is, glutathione (GSH) depletion, decreased GSH/oxidized glutathione (GSSG) ratio or increased lipid peroxidation and neuronal loss (Guo et al. 2015) , whereas Ngb over-expression attenuates ischemia reperfusion-induced ROS production and lipid peroxidation and protects hippocampal neurons from ischemia injury (Li et al. 2010), supports the involvement of the endogenous antioxidant system in the anti-apoptotic action of Ngb. Consistently, it has also been reported that inhibition of endogenous antioxidant system activities in astrocytes suppresses the cell survival-promoting effect of protective molecules in conditions of oxidative stress (Smith et al. 2007; Hamdi et al. 2011; Douiri et al. 2016) . Numerous studies indicate that oxidative stress promotes an increase in the size, cristae complexity and respiratory capacity of mitochondria inside axons and mitochondria in cells of cerebellar organotypic slice including astrocytes (Mahad et al. 2008; Errea et al. 2015) . We found that, in H 2 O 2 -treated astroglial cells, higher levels of ROS correlates with enhanced respiratory function of mitochondria and ATP production, suggesting a compensatory response that contributes to increased energy production following acute oxidative damage. Accordingly, it has been shown that H 2 O 2 induces a parallel increase in ATP production and mitochondrial respiratory activity of complexes I and IV in cerebellar slice cultures (Errea et al. 2015) . Furthermore, H 2 O 2 induces phosphorylation of mitochondria-associated tyrosine kinases Lyn and SYK, which are required for ATP production in B lymphocytes and fibroblasts cells (Patterson et al. 2015) . The inhibitory effect of Ngb on H 2 O 2 -induced increased mitochondria respiratory function is probably a key mechanism of its protective effect in astrocytes. Indeed, it has been shown that Ngb over-expression improves mitochondrial function and increases cell viability in cultured human and mouse neuronal cells (Yu et al. 2013) . The protective action of Ngb on mitochondria activity is supported by numerous data. It has for instance been reported that endogenous Ngb, the expression of which is up-regulated in astrocytes in response to stress conditions (DellaValle et al. 2010; Chen et al. 2015) , can translocate to mitochondria where it docks on the outer mitochondrial membrane and interacts with mitochondria proteins, resulting in the inhibition of the effects of oxidative insults on energy metabolism and cell death (Mitz et al. 2009; Fiocchetti et al. 2013) . To determine whether increased mitochondrial respiration was triggered by the induction of inflammatory reactions, the expression of COX-2, iNOS, IL-6, and IL-33 was analyzed by quantitative RT-PCR. This study shows that H 2 O 2 , at gliotoxic concentration, induced increased COX-2 and iNOS mRNA levels in cultured astroglial cells. We also observed that IL-6 expression is strongly increased with a moderate stimulation of IL-33 expression in cultured astrocytes upon Active ERK1 and ERK2 were detected by Western blotting using antibodies raised against phosphorylated ERK (P-ERK) and quantified by using total ERK and b-actin as internal controls. Active Akt (P-Akt) was detected by Western blotting using antibodies specific for phosphorylated Akt and quantified by using total Akt and actin as internal controls. The results are expressed as a percentage of control. Data are means AE SEM of three independent experiments (N = 3) carried out in quadruplet. ANOVA followed by the Bonferroni's test: **p < 0.01; ***p < 0. oxidative stress. Strikingly, we show that Ngb prevents the increase in pro-inflammatory gene expression. Inflammatory cytokines were shown to increase oxygen consumption rates and mitochondrial oxidative metabolism in astroglial cells (Jiang and Cadenas 2014) . Interestingly, it has been reported that Ngb can act on neuroinflammatory processes (AcazFonseca et al. 2014 (AcazFonseca et al. , 2015 and Ngb silencing impairs the inhibitory effect of 17beta-oestradiol on the expression of inflammatory markers, that is, IL-6 and inducible protein 10 in astroglial cells (De Marinis et al. 2013a) . Furthermore, siRNA knockdown of Ngb blocks the protective effect of 17beta-oestradiol against H 2 O 2 -induced caspase 3 activation and apoptosis through mitochondrial intrinsic pathway in SK-N-BE neuroblastoma cell line (De Marinis et al. 2013b) . Taken together, these observations provide evidence that in H 2 O 2 -treated astrocytes, increased mitochondrial aerobic metabolism could be mediated by inflammatory responses, and that Ngb could block these metabolic alterations by dampening the inflammatory response.
It is established that H 2 O 2 -induced intracellular ROS overproduction and increased pro-inflammatory genes expression exert opposite effects on the expression of pro-and antiapoptotic factors of the Bcl-2 family, which is responsible for the activation of mitochondria-dependent apoptotic pathways (Lu et al. 2011) . Several studies indicate that Ngb can regulate the expression and/or activation of Bcl-2 family members to prevent apoptotic cell death (Brittain et al. 2010a; Raychaudhuri et al. 2010) . This study reveals that Ngb significantly decreases the H 2 O 2 -induced expression of the pro-apoptotic gene Bax and blocks the inhibition of the anti-apoptotic gene Bcl-2. As a consequence, Ngb prevents the stimulatory effect of H 2 O 2 on caspase 3 activity. These findings are in agreement with numerous studies, which have shown that Ngb inhibits the intrinsic pathway of apoptosis downstream of mitochondria, where it prevents cytochrome c-induced caspase 9 activation and then abolishes caspase 3 activity stimulation in neuronal cells (Brittain et al. 2010a,b; Raychaudhuri et al. 2010) . Moreover, recent study has shown that Ngb silencing in human T98G astroglial cells reduced cell viability and prevented the protective action of tibolone against glucose deprivation-provoked mitochondria dysfunction cell death apoptosis (Avila-Rodriguez et al. 2016) .
Despite Ngb is unable to freely cross-neuronal membrane (Dietz 2011) , numerous data indicate that Ngb exhibits ligand-binding properties to interact with cell signaling pathways and mediate its neuroprotective mechanisms (Guidolin et al. 2014) . It has been shown that, under oxidative conditions, Ngb is converted from ferrous to ferric conformation that interacts with flotillin-1, a lipid raft microdomain-associated protein, and binds to transducers of receptor-generated signals, proteins Ga i/o . This interaction leads to the activation of downstream signaling transduction Fig. 9 pathways involved in the neuroprotective effect of Ngb against oxidative stress (Takahashi et al. 2013; Takahashi and Wakasugi 2016) . Disruption of lipid raft reduces the neuroprotective activity of Ngb, whereas, reconstruction of lipid raft domains preserves it, indicating that lipid rafts are essential for Ngb-mediated neuroprotection against oxidative injuries (Guidolin et al. 2014) . The interface between Ngb and Ga i involves regions on the Ga i molecule that appear available when the Ga subunit is present in the G-proteincoupled receptor complex. What is interesting in our study is that the concentration of Ngb required to abolish the cytotoxicity effect of H 2 O 2 on astroglial cells (this study) is in the same range (in the nanomolar range) as that needed to interact with Gai subunit (Wakasugi et al. 2003) . These data suggest that Ngb is converted into ferric conformation when added to the culture medium of H 2 O 2 -treated cells, where it could bind with lipid raft microdomains and interact to G protein coupled receptor (GPCR)-protein G complex and activate transduction signaling pathways leading to the rescue of astroglial cells from oxidative injuries. Further study will be necessary to verify that Ngb regulate receptor-activated G protein signaling. On the other hand, the delivery of Ngb inside the cell can likely be induced through its interaction with vesicular organelles of the plasma membrane such as flotillin-1and caveolin proteins (Wakasugi et al. 2004) . Thus, the presence of caveolae or caveolae-like vesicles (Volonte et al. 1999) opens the possibility for Ngb to directly interact and activate intracellular-signaling proteins involved in its glioprotective action.
Although the current understanding of the signaling pathways that trigger the anti-apoptotic action of Ngb in astrocytes is still incomplete, it is widely accepted that activation of the MAPK/ERK and PI3K/Akt signaling cascades contributes to restoring mitochondria activity and to protecting cells against oxidative stress-induced apoptosis in cultured astrocytes (Gyulkhandanyan et al. 2003; Franke et al. 2009; Hamdi et al. 2012) . Here, we show that treatment of cells with PKA inhibitor (H89) and MEK inhibitor (U0126) abrogates the inhibitory action of Ngb on H 2 O 2 -induced decreased surviving cells numbers in cultured astrocytes. In addition, we report that treatment of cells with H89 and U0126 abrogates the inhibitory action of Ngb on H 2 O 2 -induced caspase 3 activation while the PLC inhibitor U73122 has no effect. It has already been reported that signaling events downstream of PKA activation lead to the phosphorylation of ERK1/2 and Akt in various cell types, and that sustained activation of MAPK and Akt promotes astrocytes survival (Dai et al. 2013; Exil et al. 2014) . The activation of the MAPK/ERK and/or PI3K/Akt transduction pathways is involved in the neuroprotective effect of factors, that is, PACAP or agonists of Glu2/3 metabotropic receptors (D'Onofrio et al. 2001; Vaudry et al. 2002) in neuronal cells. Consistent with these observations, quantitative western blot analysis indicates that Ngb induces a significant increase in the levels of phosphorylated (p) Akt and simultaneously blocks H 2 O 2 -induced inhibition of ERK1/2 and Akt phosphorylation. It has been demonstrated in the neuroblastoma cell line SH-SY5Y that the inhibitory effects of Ngb on mitochondrial dysfunction and stimulation of caspase 9 and 3 activities induced by amyloid-beta peptide requires Akt phosphorylation and PI3K signaling cascade activation (Li et al. 2016) . Moreover, alterations of ERK and/or Akt activity lead to the accumulation of ROS and abrogate the cell survival-promoting effect of Ngb in response to oxidative stress in neuronal cells . Taken together, these data indicate that, in addition to its direct action on the intrinsic apoptotic pathway, Ngb also prevents cell death by activating the MAPK/ERK and PI3K/Akt protective pathways. However, further studies are needed to examine the functional contribution of PKA, MAPK/ERK and/or PI3K/ Akt signaling pathways in the glioprotective action of Ngb, for instance using pharmacological inhibitors and/or siRNA against PKA, MAPK/ERK and/or Akt as was previously performed in neurons (Botia et al. 2008; Nijholt et al. 2008) .
Several lines of evidence suggest that the glioprotective action of Ngb may be of physiopathological significance in brain injuries such as neurodegenerative diseases, ischemia and stroke. In particular, the mRNA and protein levels of Ngb are increased in astroglial cells after brain trauma (Chen et al. 2015) . Ngb exerts a protective effect from oxidative stress through its ROS scavenging function Khan et al. 2008) . Moreover, Ngb exerts a proliferative effect on some cell types, including in astroglial cells, and Ngb silencing with siRNA rendered cultured astrocytes more vulnerable to oxidative damage and cell apoptosis (Chen et al. 2005) . It is now well established that reactive astrocytes contribute to the defense of surrounding neurons under moderate oxidative stress by releasing neuroprotective factors (Hansson and Ronnback 2003; Hamdi et al. 2015) . Together, these data suggest that overproduction of Ngb by astroglial cells might have a therapeutic potential to reduce neuronal cell death in cerebral injuries involving oxidative neurodegeneration.
In conclusion, this study demonstrates that Ngb exerts a potent protective action against H 2 O 2 -induced astroglial cell death. This glioprotective action on Ngb is mediated, at least in part, by the activation of antioxidant enzymes, the inhibition of pro-inflammatory genes expression and reduction in ROS accumulation, thus preserving mitochondrial membrane integrity and preventing caspase 3 activation induced by oxidative stress. All experiments were conducted in compliance with the ARRIVE guidelines.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Figure S1 . Immunostaining of cultured mouse astrocytes. Figure S2 . Experimental procedure of H 2 O 2 -mediated cell death and addition of Ngb and transduction pathway inhibitors.
